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1
MARKER ADAPTED NORMAL TISSUE
COMPLICATION PROBABILITY

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. provisional
application Ser. No. 61/163,983 filed Mar. 27, 2009 and U.S.
provisional application Ser. No. 61/230,839 filed Aug. 3,
2009 and U.S. provisional application Ser. No. 61/240,685
filed Sep. 9, 2009, all three of which are incorporated herein
by reference.

The present invention relates to the therapy arts. It particu-
larly relates to radiotherapy protocol planning of a subject
using radiation to deliver controlled therapy to a target, and
will be described with particular reference thereto.

Oncological radiotherapy is used for treating diseased tis-
sue by applying ionizing radiation, e.g. high energy photons,
protons, neutrons, electrons, heavy charged particles (e.g.
carbon ions), or the like, to the diseased tissue or diseased
region. Irradiated healthy tissue is usually damaged by the
radiotherapy to at least some extent, and such radiation can
produce detrimental side effects. To minimize damage to
healthy tissue probability models are assigned to both dis-
eased tissue and healthy tissue at risk. Examples of such
models are the tumor control probability (TCP) and the nor-
mal tissue complication probability (NTCP). The TCP is a
probabilistic disease model that gives an estimate of the local
tumor control based on the tumor type and the specifics of the
irradiation plan for that particular patient. The NTCP is a
probabilistic model of radiation damage inflicted on healthy
tissue resulting in side effects of a certain severity. The sever-
ity of radiation induced side effects is assessed by specific
measures such as those provided in the European Organiza-
tion for Research and Treatment of Cancer/Radiation
Therapy Oncology Group (EORTC/RTOG) Acute Radiation
Morbidity Scoring Criteria. Radiotherapy protocol planning
is a trade-off between the TCP and the NTCP. The optimum
tumor dose for a given radiotherapy plan maximizes the dif-
ference between the TCP and the NTCPs for the different risk
organs. Hence, the NTCP is the dose-limiting factor.

NTCP models are sigmoid functions that relate the tumor
dose to the probability of radiation damage in healthy tissue.
A Gaussian function is a common model of probability den-
sity of the side effects. Other models apply different math-
ematical functions, e.g. Poisson statistical models or regres-
sion models. All approaches have in common that the dose-
volume histogram (DVH) is evaluated for an average dose,
usually in terms of an equivalent uniform dose EUD. The
most widely used probability function is the Lyman EUD
model which yields an error function that predicts 50% com-
plication probability. The equation is as follows:

1 1 [:zf] (la)
NTCP = —f exph * Jdx
Vor Voo

_ EUD-1TD50
" m=TDS0

N v 7
— 1/n i
EUD = [ E D7 x _Vror]

i=1

(1b)

(Io)

The parameter m denotes the slope of the sigmoid NTCP

curve and the dose TDS50 is defined by a 50% risk of compli-
cation. Equation 1c shows a common approach to calculate
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the EUD7p from the DVH. The parameter D, denotes the
physical dose to a volume element where the total evaluated
organ volume is V,, .. The EUD concept refers to different
impacts of local radiation damage to the function of a whole
organ. The spine, for instance, will not function even ifonly a
small part is destroyed. The liver and lung, in contrast, may
well function even if considerable parts are destroyed. The
spine is an example of so-called serial organ; the lung and
liver are so-called parallel organs. It is this property of an
organ the EUD describes. In Equation 1c¢, the model param-
eter n is associated with the strength of the volume effects for
the organ under consideration. If n approaches 1, the EUD
equals the mean dose, i.e. the model describes a perfectly
‘parallel’ organ in which a large volume effect is present. If n
approaches 0, the EUD becomes the maximum dose, i.e. the
model describes a perfectly ‘serial’ organ in which no volume
effect is present. As noted, various models for the mean dose
used in the NTCP model have been reported.

NTCP models for various side effects in different organs
are based on dose-volume histogram (DVH) data. They are
determined by fitting the parameters of mathematical models
of'the NTCP to the actual side effect profiles, which have been
determined in respective clinical studies. A rather compre-
hensive evaluation by Schn et al. (Int. J. Rad. Oncol. Biol.
Phys., 67 (2007), 1066-1073) showed that different NTCP
models provided different qualities of estimating the prob-
ability of a specific side effect (in their case late rectal bleed-
ing in prostate cancer radiotherapy). The analysis of this
group, however, was purely based on distribution of radiation
dose values (DVH). So far, hardly any clinical trials on NTCP
have addressed individual risk profiles of patients. Conse-
quently, current NTCP models represent population mean
statistics.

However, radiosensitivity may vary significantly between
individuals. For example, patients with a history of abdomi-
nal surgery generally have a lower tolerance to radiation than
did patients without previous abdominal surgeries. Regarding
the EUD, a dose-modifying factor of 1.1 for rectal bleeding
and a factor of 2.5 for fecal incontinence has been determined
by subdividing patient groups in those with history of
abdominal surgery and those without. Ignoring such indi-
vidual risk factors constitutes a systematic inaccuracy of the
current NTCP models resulting in erroneous estimates of
NTCP models for individuals. Overestimating the NTCP can
lead to suboptimal dose delivery to the tumor and conse-
quently reduces tumor control causing possible relapse for
the patient. Underestimating the NTCP can result in severe
side-effects that can prematurely halt the therapy.

TCP models are sigmoid functions that relate the tumor
dose to the probability of tumor control. A Gaussian function
is a common model of probability density of the side effects.
Other models apply different mathematical functions, e.g.
Poisson statistical models or regression models. All
approaches have in common that the dose-volume histogram
(DVH) is evaluated for an average dose, usually in terms of an
equivalent uniform dose EUD. The most widely used prob-
ability function is the Lyman EUD model which yields an
error function that predicts 50% complication probability.
The equation is as follows:

1 f’ —-x? (2a)
TCP= — exp| — |dx
Vor J-wo ( 2 ]
_ EUD-TD50 (2b)
T m=TD50
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-continued
v ] (20)

N
EUD = [Z D L
i=1

Vior

The parameter m denotes the slope of the sigmoid TCP curve
and the dose TD50 is defined by a 50% risk of complication.
Equation 2c¢ shows a common approach to calculate the
BUD . from the DVH. The parameter D, denotes the physi-
cal dose to a volume element V;, where the total evaluated
organ volume is V,,,. The model parameter n is associated
with the strength of the volume effects for the organ under
consideration. If n approaches 1, the EUD equals the mean
dose, i.e. the model describes a perfectly ‘parallel” organ in
which a large volume effect is present. If n approaches 0, the
EUD becomes the maximum dose, i.e. the model describes a
perfectly ‘serial’ organ in which no volume effect is present.

The present application provides a new and improved
method and apparatus for adaptive radiotherapy protocol
planning based on optimizing the normal tissue complication
probability and tumor control probability according to indi-
vidual patient specific markers which overcomes the above-
referenced problems and others.

In accordance with one aspect, a method for generating a
patient specific therapy plan includes generating an initial
therapy plan. A therapy is administered according to the ini-
tial therapy plan. Either the initial therapy plan is based on the
value of at least one biomarker, or the therapy plan is revised
based on an updated value of at least one measure biomarker,
and the therapy is re-administered according to the revised
therapy plan.

In accordance with another aspect, a computer readable
medium carries a program which controls a processor to
perform the method for generating a patient specific therapy
plan.

In accordance with another aspect, a planning process is
programmed to control a therapy device to perform the
method for generating a patient specific therapy plan.

In accordance with another aspect, a therapy system
includes an image scanner, a therapy device, a graphic user
interface, and a planning processor to perform the method for
generating a patient specific therapy plan.

In accordance with another aspect, a processor is config-
ured to generate an initial therapy plan based at least on one
measured biomarker. The processor controls a therapy device
to administer a based on the initial therapy plan.

In accordance with another aspect, a method of patient
specific adaptive delivery of radiotherapy to a target region
includes determining a first set of patient specific markers.
Based on the first set of biomarkers, at least one of an NTCP
model and a TCP model is determined then used to administer
a dose of radiation to the target region. A second set of patient
specific biomarkers is determined. A relationship between the
first set and second set of patient specific biomarkers is the
basis for at least one of a second NTCP model and second
TCP model. A dose of radiation to the target region is admin-
istered based on at least one of the second NTCP and second
TCP model.

One advantage is that patient specific adaptive delivery of
radiotherapy increases the tumor control probability which
reduces unnecessary relapse for the patient.

Another advantage is that patient specific adaptive delivery
of radiotherapy reduces severe side-effects of radiation tox-
city

Another advantage is that radiation dose or treatment plan
can be altered based on a patient’s reaction to therapy.
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Still further advantages of the present invention will be
appreciated to those of ordinary skill in the art upon reading
and understand the following detailed description.

FIG. 1 is a diagrammatic illustration of an imaging and
radiation therapy system;

FIG. 2 is a flow diagram of an NTCP modeling process;

FIG. 3 is a flow diagram of a TCP modeling process;

FIG. 4 is a graphical depiction of initial NTCP and TCP
models and their difference;

FIG. 5 is a graphical depiction of the NTCP and TCP
models after optimization to maximize the difference; and

FIG. 6 is a graphical depiction of a further optimization of
the NTCP model.

The invention may take form in various components and
arrangements of components, and in various steps and
arrangements of steps. The drawings are only for purposes of
illustrating the preferred embodiments and are not to be con-
strued as limiting the invention.

With reference to FIG. 1, a therapy system 10, such as a
radiation therapy system, includes a diagnostic imaging scan-
ner 12 such as a computed tomography (CT) imaging scanner,
an MRI scanner, or the like for obtaining diagnostic images
for use in planning the radiation therapy protocol. The CT
imaging scanner 12 includes an x-ray source 14 mounted on
a rotating gantry 16. The x-ray source 14 produces x-rays
passing through an examination region 18, where they inter-
act with a target area of a subject (not shown) supported by a
support 20 which positions the target area within the exami-
nation region 18. An x-ray detector array 22 is arranged to
receive the x-ray beam after it passes through the examination
region 18 where the x-rays interact with and are partially
absorbed by the subject. The detected x-rays therefore
include absorption information relating to the subject.

The CT scanner 12 is operated by a controller 30 to perform
selected imaging sequences of a selected target area of the
subject which is to be treated by radiotherapy. The imaging
sequences acquire diagnostic imaging data of the target area.
The diagnostic imaging data is stored in a data buffer 32. A
reconstruction processor 34 reconstructs 3D image represen-
tations from the acquired imaging data, and the reconstructed
image representations are stored in a diagnostic image
memory 36.

The described diagnostic imaging system is exemplary
only. Those skilled in the art will recognize that the CT
scanner 12 is optionally replaced by other types of diagnostic
imaging scanners, such as a magnetic resonance imaging
(MRI) scanner, a positron emission tomography (PET) scan-
ner, a single photon emission computed tomography
(SPECT) scanner, or the like can be substituted for the CT
scanner 12.

The diagnostic imaging apparatus 12 is separate from a
therapy delivery system 40. The therapy delivery system can
be an external radiotherapy delivery system or an internal
radiotherapy delivery system, e.g. brachytherapy. Optionally,
markers are applied to the subject prior to the diagnostic
imaging, and remain in place for the subsequent radiotherapy
to provide registration between the diagnostic images and the
radiotherapy delivery. Other methods for spatial registering
between diagnostic image acquisition and the radiotherapy
are also contemplated, such as using intrinsic anatomical
markers. It is also contemplated to integrate the diagnostic
imaging scanner with the radiotherapy apparatus to reduce
misregistration between the diagnostic imaging and the
radiotherapy. Furthermore, other forms of therapy are also
contemplated, e.g. ablation therapy, including thermal,
chemical, HIFU, mechanical, or the like, or combined thera-
pies such as radiation along with chemotherapy.
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A radiation delivery system 40 includes a radiation deliv-
ery apparatus 42 which has a radiation source 44, such as a
linear accelerator, focused x-ray, or the like mounted on a
rotating gantry 46. The gantry 46 rotates or steps a radiation
source 44 about an axis of rotation 48. A support 50 rigidly
positions the subject with the target area exposed to an inten-
sity-modulated radiation beam 52 produced by the radiation
source 44. The support 50 positions and moves the subject
while the gantry 46 rotates the radiation source 44 about the
subject. The radiation beam 52 has a cross-sectional area 54
with an adjustable intensity and/or perimeter. The radiation
beam 52 can be applied continuously or can be pulsed on and
off during therapy. Optionally, a radiation detector system
disposed on an opposite side of the patient from the source to
monitor intensities of radiation traversing the patient. Data
from the detector can be reconstructed into a low resolution
projection image to monitor the alignment of the beam and
the target and the dose. The radiation delivery system 40 is
operated by a radiation controller 60 to perform selected
radiation protocol as prescribed by a planning processor 70.

The planning processor 70 integrates individual patient
specific information derived from a single or plurality of
biomarkers into the calculation of the NTCP model and the
TCP model using a patient specific calculation of an EUD for
each model considering the biomarkers, for example telom-
ere length which is associated with radiation sensitivity of
cells. In one embodiment, by introducing a dose modifying
factor into the EUD formulation (equation 1¢), the biomark-
ers can be evaluated before and during therapy to derive a
patient specific NTCP and TCP model. The adaptive EUD
equations are as follows:

(32)

N n
V.
EUD = ZD}/"*—‘ g(My, AMy, My, AM,, ... )
= Vior
N v Y 30
EUD = ZD}/”*—‘ -g(My, AMy, Ma, AM,, ... )
i=1 VIOI

A patient specific dose modifying factor g, and g,»
are scalar values that are evaluated based on an initial baseline
and as well as changes to biomarker information M and L
during therapy. For example, g,,~-=1.1 for patients with a
bleeding side effect; g=2.5 for a fecal incontinence side
effect, and the like. A first baseline is a set of biomarker values
associated with normal tissue that are derived before the
therapy. The baseline values associated with normal tissue M,
will be used to adapt the initial NTCP model before the
therapy. Monitoring the biomarkers during therapy allows for
optimizing the NTCP model for each patient based on spe-
cific reactions to the therapy. Therapy related changes AM,
are correlated to baseline values and then incorporated into
the dose modifying factor EUD . A second baseline is a
set of biomarker values associated with cancerous tissue that
are derived before the therapy. The baseline values associated
with cancerous tissue L, will be used to adapt the initial TCP
model before the therapy. Monitoring the biomarkers during
therapy allows for optimizing the TCP model for each patient
based on specific reactions to the therapy. Therapy related
changes AL, are correlated to baseline values and then incor-
porated into the dose modifying factor EUD ;... A biomarker
processor 72 is responsible for initializing the dose modifi-
cation factors based on the baseline values, M, and L, and
optimizing the dose modifying factor during therapy based on
the therapy related changes AM, and AL,.
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The marker values M, associated with normal tissue are of
different kinds, e.g. in vitro test values, mass spectrometric
protein signatures, anamnetic data, and patient history. The in
vitro test values include cellular, proteomic and genetic origin
such as, but not limited to, various cell counts, Hb, CRP, PSA,
TNF-a, ferritin, transferrin, LDH, IL.-6, hepcidin, creatinine,
glucose, HbAlc, and telomere length. Anamnetic and patient
history markers include previous abdominal surgery, hor-
monal or anticoagulantia medication, diabetes, age, and
tumor growth related measures. Biomarkers not related to
radiation toxicity are also contemplated such as biomarkers
associated with various forms of ablation or chemotherapeu-
tic agents.

The marker values [, associated with cancerous tissue
include various kinds. Examples of biomarkers include PSA
for prostate tumors and telomere length for cellular radiation
sensitivity, i.e. shorter telomeres are associated with
increased radiosensitivity. Genomic and proteomic biomark-
ers which reflect cellular radiosensitivity and repair capaci-
ties include analysis of DNA end binding complexes (DNA-
EBCs). Examples of DNA-EBCs include measuring ATM,
Ku70, DNA ligase III, Rpa32, Rpald4, DNA ligase 1V,
XRCC4,WRN, BLM, RADS51, and p53. Hypoxia is known to
decrease tumor sensitivity to ionizing radiation. Molecular
biomarkers which indicate tumor hypoxia includes HIF-1a,
Galectin-1, CAP43, and NDRG1. Hypoxia biomarkers are
also deduced from imaging procedures such as FMISO-PET
and FAZA-PET which grade Oxygen partial pressure of indi-
vidual image pixels.

Biomarkers describing various histologic outcomes
include age, gender, medication, primary tumor site, previous
treatment, individual patient wishes associated with personal
perceptions, views on potential side-effects, and relapse risk.
Other biomarkers describing histologic outcomes include
histological tumor type, grade, stage, Gleason score, and
cologenic assays such as clonogenic cell density, colony-
forming efficiency (CFE), and radiosensitivity of clonogenic
fibroblasts, e.g. the surviving fraction at 2 Gy (SF,).

In another embodiment, a local correction factor p,p is
introduced into the EUD ;- formulation to modify the vol-
ume element V,. The EUD . equation including the local
correction factor is as follows:

Vi prep(Q1, AQy, Q2, AQs, ... ) " 3

Vior

N
EUDycp = Z i
=

grep(Ly, ALy, L2, AL, ... )

The local correction factor p,-p is modifying by baseline
biomarkers Q, and therapy related biomarkers AQ, which are
determined from imaging data. Biomarkers include swelling,
perfusion, and interstitial fluid which can be determined with
various imaging modalities such as magnetic resonance,
x-ray, nuclear, ultrasound, optical, or the like.

The biomarker processor outputs the dose modifying fac-
tor to an input of an EUD processor 74 which processor
updates the EUD calculation (equation 2) based on the opti-
mized dose modifying factor. The EUD processor then out-
puts the optimized EUD calculation to an input of an NTCP
processor 76 and a TCP processor 78, both of which output a
respective optimized model (Equations 1a and 2a) to a con-
sole 80.

The console 80 includes a graphic user interface also
includes a user input device which a clinician can use for
controlling the scanner controller 30 or radiation controller
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60 to select scanning sequences or protocols and treatment
schemes or doses respectively. The console displays diagnos-
tic images, segmentation tools, segmentation tools, graphs
relating the TCP, NTCP, and the difference between the two
models, and the like. The optimized NTCP and TCP models
are used by a radiation oncologist to determine if the treat-
ment plan is to be adjusted in terms of total dose applied, dose
location, or replacing the treatment scheme with alternatives
such as three-dimensional conformal radiotherapy, intensity
modulated radiation therapy (IMRT), or another suitable frac-
tionation scheme. Monitoring the biomarkers during therapy
allows the NTCP and TCP models to be adapted to the spe-
cific patient.

With continuing reference to FIG. 2, the NTCP model is
refined in an iterative process in which the optimized dose
modifying factor is set as the baseline in subsequent itera-
tions. First a diagnostic image is acquired in step 90 using a
CT, MR PET, SPECT, or another imaging modality. In step
92, the target is localized in a diagnostic image and then
registered with the radiation delivery system 40 using any
number of means such as active, passive, or intrinsic anatomi-
cal markers. Biomarkers are assessed in step 94. The biom-
arkers can be measured in vitro, based on patient history,
anamnetic data, mass spectrometric protein signatures, and
the like. A value is assigned to the individual biomarkers
which are then used to calculate the optimized dose modify-
ing factor in step 96. In the first iteration (for i=1), the dose
modifying factor is based on an initial baseline because there
is no prior dose modifying factor available. The dose modi-
fying factor is then used to weight the EUD, > model in step
98 in response to the patient specific biomarkers from step 94.
The patient specific EUD ., model is used in the calcula-
tion of the NTCP model in step 100. The NTCP model is then
outputted 102 (FIGS. 4 and 5) on the graphic display of
console 80 along with the TCP and the NTCP and the TCP are
compared as in step 104. The radiation oncologist then deter-
mines if optimizations to the radiation therapy plan are
needed in step 106. Such adjustments may include adjusting
total dose applied, location of the dose, or changing the treat-
ment regime to another such as IMRT, 3D conformal radio-
therapy, or another fractionation scheme. In step 108, a radia-
tion dose is administered to the target as prescribed by the
optimized radiation plan. The optimized dose moditying fac-
tor is set as the baseline in step 110, and the optimization is
reiterated until the radiation oncologist can determine that
treatment is no longer needed.

With continuing reference to FIG. 3, the TCP model is
refined in an iterative process in which the optimized dose
modifying factor is set as the baseline in subsequent itera-
tions. First a diagnostic image is acquired in step 120 using a
CT, MR PET, SPECT, or another imaging modality. In step
122, the target is localized in a diagnostic image and then
registered with the radiation delivery system 40 using any
number of means such as active, passive, or intrinsic anatomi-
cal markers. Biomarkers are assessed in step 124. The biom-
arkers can be measured in vitro, based on patient history,
anamnetic data, mass spectrometric protein signatures, and
the like. A value is assigned to the individual biomarkers
which are then used to calculate the optimized dose modify-
ing factor in step 126. In the first iteration (for i=1), the dose
modifying factor is based on an initial baseline because there
is no prior dose modifying factor available. The dose modi-
fying factor is then used to weight the EUD .., model in step
128 in response to the patient specific biomarkers from step
124. The patient specific EUD ., model is used in the calcu-
lation of the TCP model in step 130. The TCP model is then
outputted 132 (FIGS. 4 and 5) on the graphic display of
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console 80 along with the TCP and the NTCP and the TCP are
compared as in step 134. The radiation oncologist then deter-
mines if optimizations to the radiation therapy plan are
needed in step 136. Such adjustments may include adjusting
total dose applied, location of the dose, or changing the treat-
ment regime to another such as IMRT, 3D conformal radio-
therapy, or another fractionation scheme. In step 138, a radia-
tion dose is administered to the target as prescribed by the
optimized radiation plan. The optimized dose moditying fac-
tor is set as the baseline in step 140, and the optimization is
reiterated until the radiation oncologist can determine that
treatment is no longer needed.

With reference to FIG. 4, an example of a graph of the
initial or pretreatment NTCP model 150 and TCP model 152
outputted to the graphical interface of console 80 for inspec-
tion by the radiation oncologist. The NTCP model is opti-
mized to maximize the difference 154 between the NTCP and
the TCP. The optimized NTCP model, shown in FIG. 5,
illustrates an optimized NTCP model 156 in which the TCP
158 is modeled and results in a greater difference 160
between the optimized NTCP model and TCP. The treatment
tends to inflame the healthy tissue. During radiotherapy, the
NTCP curve is optimized again based on the patient’s tissue
reactions. In the example of FIG. 6, the previously optimized
NTCP is re-optimized with the biomarkers for various sur-
rounding tissues revised for their respective degrees of
inflammation to generate a re-optimized NTCP 162, which
results in less radiation exposure to the normal tissue while
the new TCP 164 is larger than the prior TCP 158 and the
difference 166 is smaller which results in increased radiation
exposure to diseased tissue as well as the healthy tissue. In
this manner, the radiation dose may change from treatment
session to treatment session to accommodate treatments
induced or other changes to tissue adjacent the target region.

In another embodiment, the patient specific dose modify-
ing factors g, and g, are calculated for each voxel or
group of voxels. The resulting EUD equations are as follows:

N v Y @3d)
EUD = ZD}/”*—‘ g(My, AMy, Ma, AM,, ... )
i=1 VIOI

N v Y 3e)
EUD = ZD}/”*—‘ -g(My, AMy, My, AM,, ... )
= Vior

where g, and g, are the dose modifying factors for each sub-
volume. For example, the EUD can be calculated for a plu-
rality of subvolumes of a region of interest such as the kidney.
Furthermore, an image representation can be reconstructed
graphically depicting the EUD across the region interest
which allows the radiation delivery system to deliver a local-
ized dose.

In another embodiment, a non-iterative patient specific
adaptive radiation therapy plan is generated. An initial radia-
tion therapy plan is generated by revising a conventional
NTCP model and/or TCP model with at least one measured
patient specific biomarker prior to administering a dose of
radiation. The conventional NTCP and/or TCP models are
generated using known methods in the conventional arts then
are mathematically modified by a value associated with the
patient specific biomarker. Initial and subsequent doses of
radiation are administered based on the initial radiotherapy
plan or may be modified in subsequent sessions as described
above.
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In another embodiment, a conventional radiation therapy
plan is generated based on a conventional NTCP and/or TCP
model. The conventional NTCP and/or TCP model is gener-
ated using known methods in the conventional arts. An initial
dose of radiation is administered to the target region based on
the conventional radiotherapy plan. A revised radiation
therapy plan is generated by modifying the conventional
NTCP and/or TCP model based on at least one patient specific
biomarker. A value is associated with the patient specific
biomarker is used to mathematically modify the conventional
NTCP and/or TCP model. The revised radiation therapy plan
is refined in an iterative process in which the biomarker is
monitored between consecutive radiation doses and the
revised NTCP and/or TCP model is updated based on differ-
ences between the previous measurement and the current
measurement. That is, in a first iteration a conventional NTCP
and/or TCP models are used to administer a dose of radiation.
In a second iteration, the conventional NTCP and/or TCP
models are revised based on at least one measured biomarker
and a second dose of radiation is applied based on the revised
NTCP and/or TCP models. In subsequent iterations, the
revised NTCP and/or TCP models are further refined based
on a mathematical relationship between previously measured
biomarkers and the current measured biomarkers.

In another embodiment, a conventional radiation therapy
plan is generated based on a conventional NTCP and/or TCP
model. The conventional NTCP and/or TCP model is gener-
ated using known methods in the conventional arts. An initial
dose of radiation is administered to the target region based on
the conventional radiotherapy plan. Prior to administering the
initial dose of radiation, at least one initial biomarker is mea-
sured. A revised radiation therapy plan is generated by modi-
fying the conventional NTCP and/or TCP model based on a
mathematical relationship between an updated biomarker and
the initial biomarker. The revised radiation therapy plan is
refined in an iterative process in which the biomarkers are
updated between consecutive radiation therapy sessions. Fur-
ther clarified, in a first iteration a conventional NTCP and/or
TCP model is used to administer a dose of radiation and an
initial biomarker is generated. In a second iteration, the con-
ventional NTCP and/or TCP model is revised based on a
relationship between an updated biomarker and the initial
biomarker and a second dose of radiation is applied based on
the revised NTCP and/or TCP model. In subsequent itera-
tions, the revised NTCP and/or TCP model is further refined
based on a mathematical relationship between previously
measured biomarker and the current measured biomarker.

Having thus described the preferred embodiments, the
invention is now claimed to be:

1. A method for generating a patient specific therapy plan
for a patient, comprising:

(a) with a processor, generating an initial therapy plan for
administering an initial therapy to the patient, wherein
the initial therapy plan is generated using at least one of
an initial normal tissue complication probability
(NTCP) model and an initial tumor control probability
(TCP) model of a target region, and wherein the at least
one of the NTCP model and the TCP model is adapted to
the patient based on a first value of at least one biomarker
of the patient;

(b) administering therapy to the patient using the initial
therapy plan with a therapy delivery system;

(c) with the processor, generating a revised therapy plan for
administering a revised therapy to the patient, wherein
the revised therapy plan is generated using at least one of
an updated NTCP model and an updated TCP model of
the target region of the patient, wherein the at least one of
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the initial NTCP model and the initial TCP model is
adapted to the patient based on a second value of the at
least one biomarker of the patient; (d) administering
therapy to the patient based on the revised therapy plan
with the therapy delivery system; and

wherein the at least one biomarker of the patient is Hb,
CRP, PSA, TNF-a, ferritin, transferrin, LDH, IL-6, hep-
cidin, creatinine, glucose, HbAlc, DNA end binding
complexes (DNA-EBCs), HIF-1a, Galectin-1, CAP43,
NDRG], or telomere length;

wherein at least one patient biomarker is an additional
biomarker chosen from in vitro test values, mass spec-
trometric protein signatures, tumor type, tumor grade,
tumor stage, primary tumor site, Gleason score, colo-
genic assays, previous treatment, previous abdominal
surgery, hormonal medication, anticoagulantia medica-
tion, age, diabetes, and tumor growth related measures;

wherein the NTCP model includes an EUD model
expressed as:

N n
.

EUD = Z DY 21| y(My, AM, My, AM,, )
Viot

i=1

where EUD is an equivalent uniform dose, D, is a physical
dose to a volume segment v, of the target region, v, is a
total evaluated organ volume, AM,;, AM,, . . . are a
difference between a first and second set of biomarkers,
N is the number of volume segments v,, M, is a baseline
value of a first biomarker, M, is a baseline value of a
second biomarker and g is a scalar evaluated based on
the first and second sets of biomarkers and the difference
between the first and second sets of biomarkers, and n
varies between 0 for a maximum dose and 1 for a mini-
mum dose; and

the TCP model includes an EUD model expressed as:

N n
.

EUD = E DY" e L\ wg(li, AL, Ln, ALy )
= Viot

where EUD is an equivalent uniform dose, D, is a physical
dose to a volume v, of the target region, N is the number
of volume segments v, v,,, is a total evaluated organ
volume, L, L, are baseline values associated with a first
and second cancerous tissue, AL, AL,, . . . are a differ-
ence between the first and second sets of biomarkers,
and g is a scalar evaluated based on the first and second
sets of biomarkers and the difference between the first
and second sets of biomarkers, and n varies between 0
for a maximum dose and 1 for a minimum dose.

2. The method according to claim 1, further including:

(d) administering the revised therapy to the patient based

on the revised therapy plan with the therapy delivery
system.

3. The method according to claim 1, wherein the at least
one patient biomarker is associated with at least one of sen-
sitivity of healthy tissue and cancerous tissue to the therapy
and further including:

associating one of the first value and the second value with

the at least one patient biomarker.

4. The method according to claim 1, wherein the scalar
value is a dose modifying factor and the method further
includes:
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initially setting the dose modifying factor prior to treat-

ment; and

modifying the dose modifying factor based on a math-

ematical relationship between the first value and the
second value of the at least one biomarker generated in
steps (a) and (c).

5. The method according to claim 2, further including:

acquiring an image of the target region with a diagnostic

imaging system;

segmenting the target region with the processor;

determining the NTCP model with the processor;

determining the TCP model with the processor;
registering the target region in a diagnostic image to the
therapy delivery system;

performing steps (a)-(d);

re-registering the target region; and

repeating steps (c)-(d) after therapy has been administered

to the patient based on the revised therapy plan.

6. A non-transitory computer readable medium carrying a
program which controls a processor to perform the method
according to claim 1.

7. An apparatus comprising:

a processor configured to:

determine at least a first normal tissue complication
probability (NTCP) model of a target region based on
a first set of patient specific biomarkers;

generate an initial therapy plan for administering an
initial therapy to the patient, wherein the initial
therapy plan is generated using the first NTCP model,
wherein the first NTCP model is adapted based on a
value of the first set of patient specific biomarkers;
and

a therapy delivery system configured to:

deliver therapy to the patient using the initial therapy
plan;

wherein the processor is further configured to:

determine a second NTCP model of the target region
based on a second set of patient specific biomarkers;
and

generate a revised therapy plan for administering a revised

therapy to the patient, wherein the revised therapy plan is
generated using the second NTCP model, wherein the
second NTCP model is determined by:

=2

NTCP = — f exp['2
V21 J-oo
where,

_EUD-1Dg
T m=TDg

Jae

where,

N "
V.

EUD = ZD}/”*—‘ -g(My, AMy, My, AM,, ... )
i=1 VIOI

where EUD is an equivalent uniform dose, TD_, is a dose that
provides a Z % chance of a risk complication, D, is a physical
dose to a volume segment v, of the target region, v, , is a total
evaluated organ volume, AM,, AM,, . . . are a difference
between the first and second sets of biomarkers, N is the
number of volume segments v,, m is the slope of the NTCP
curve, M, is a baseline value of a first biomarker, M, is a
baseline value of a second biomarker and g is a scalar evalu-
ated based on the first and second sets of biomarkers and the

5

10

15

20

25

30

35

40

45

50

55

[
<

65

12

difference between the first and second sets of biomarkers,
and n varies between 0 for a maximum dose and 1 for a
minimum dose; and

wherein the therapy delivery system is further configured
to administer therapy to the patient based on the revised
therapy plan.

8. A method comprising:

(a) determining a first set of patient specific biomarkers of
a patient and determining at least a first tumor control
probability (TCP) model of a target region based on a
first set of biomarkers L ;

(b) with a processor, generating an initial therapy plan for
administering an initial radiation therapy to the patient,
wherein the initial therapy plan is generated using at
least the first TCP model, wherein the first TCP model is
adapted based on a value of the first set of patient specific
biomarkers;

(c) administering radiation therapy to the patient with a
radiation therapy delivery system comprising a thera-
peutic radiation source configured to deliver therapeutic
radiation to the patient in accordance with the initial
therapy plan;

(d) determining a second set of patient specific biomarkers
L, of a patient and determining a second TCP model of
the target region based on the second set of biomarkers;
and

(e) generating a revised therapy plan for administering a
revised therapy to the patient, wherein the revised
therapy plan is generated using at least the second TCP
model, wherein the second TCP model is determined by:

1 4 —-x?
TCP= —f exp(—]dx
Vor J-wo 2
where,

_EUD-1Dg
T m=TDg

where,

v n
v

EUD = EDV"*—J #g(Ly, ALy, Ly, ALy ...)
pay Viot

where EUD is an equivalent uniform dose, TD_, is a dose that
provides a Z % chance of a risk complication, D, is a physical
dose to a volume v, of the target region, v, is a total evaluated
organ volume, L, L, are baseline values associated with a
first and second cancerous tissue, AL, AL, . . . are a differ-
ence between the first and second sets of biomarkers, N is the
number of volume segments v, m is the slope of the TCP
curve, and g is a scalar evaluated based on the first and second
sets of biomarkers and the difference between the first and
second sets of biomarkers, and n varies between 0 for a
maximum dose and 1 for a minimum dose; and
() administering radiation therapy to the patient with the
radiation therapy delivery system.
9. A method for generating a patient specific treatment
plan, comprising:
(a) determining a first set of patient specific biomarkers;
(b) with the processor, generating an initial treatment plan
using at least one of a first normal tissue complication
probability (NTCP) model and a first tumor control
probability (TCP) model of a target region, wherein the
at least one of the first NTCP model and the first TCP
model is adapted based on a value of the first set of
patient specific biomarkers M, ;
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(c) administering a first therapy to the target region based
on the initial treatment plan with a radiation delivery
device;

(d) determining a second set of patient specific biomarkers
M,;

(e) with the processor, generating a revised treatment plan
using at least one of a second NTCP model and second
TCP model of the target region, wherein the at least one
ofthe second NTCP model and the second TCP model is
adapted based on a value of the second set of patient
specific biomarkers, wherein at least one of the second
NTCP model and the second TCP model are expressed
in terms of an equivalent uniform dose (EUD) function
where

N n
.

EUD = Z DI w —L | L g(My, AMy, My, AM,, ..),
Viot

i=1

wherein D, is a physical dose to a volume segment v, of the
target region, v,,, is a total evaluated organ volume, M, is a
baseline value of a first biomarker, M, is a baseline value ofa
second biomarker, AM,, AM,, . . . are a difference between
the first and second sets of biomarkers, N is the number of
volume segments v,, and g is a scalar evaluated based on the
first and second sets of biomarkers and the difference between
the first and second sets of biomarkers, and n varies between
0 for a maximum dose and 1 for a minimum dose;

(f) with the radiation delivery device, administering a sec-
ond therapy to the target region based on the second
NTCP model and the second TCP model; and

(g) repeating the steps (d)-(f) to further revise the second
NTCP model and the second TCP model for a subse-
quent treatment session;

wherein the processor integrates individual patent specific
information derived from a single or plurality of biom-
arkers.

10. The method according to claim 9, wherein the first set
of patient specific biomarkers and the second set of patient
specific biomarkers are mutually exclusive.

11. A processor configured to perform the steps of:

(a) receiving a first set of patient specific biomarkers;

(b) generating an initial therapy plan using at least one of a
first normal tissue complication probability (NTCP)
model and a first tumor control probability (TCP) model
of a target region based on the first set of biomarkers;

(c) controlling a therapy delivery device to deliver therapy
to the target based on the initial therapy plan;

(d) receiving a second set of patient specific biomarkers;
and

(e) generating a revised therapy plan using at least one of a
second NTCP model and a second TCP model of the
target region based on differences between the first and
second set of biomarkers AM, and AM,; wherein the
revised therapy plan is configured to control the therapy
delivery device to deliver an optimized dose of therapy
to the target;

wherein each NTCP model includes an EUD model
expressed as:

0

N .
EUD = ZD}/”*l (M1, AMy, My, AM,, ...)
i=1 Vit
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where EUD is an equivalent uniform dose, D, is a physical
dose to a volume segment v, of the target region, v, ,is a
total evaluated organ volume, AM,;, AM,, . . . are a
difference between the first and second sets of biomar-
kers, N is the number of volume segments v,, M, is a
baseline value of a first biomarker, M, is a baseline value
of a second biomarker and g is a scalar evaluated based
on the first and second sets of biomarkers and the differ-
ence between the first and second sets of biomarkers,
and n varies between 0 for a maximum dose and 1 for a
minimum dose; and the TCP model includes an EUD
model expressed as:

N n
-

EUD = ZD}/"*—J #g(Li, ALy, Lo, ALy )
pay Viot

where EUD is an equivalent uniform dose, D, is a physical
dose to a volume v, of the target region, N is the number of
volume segments v,, v,,, is a total evaluated organ volume, L,
L, are baseline values associated with a first and second
cancerous tissue, AL, AL,, . . . are a difference between the
first and second sets of biomarkers, and g is a scalar evaluated
based on the first and second sets of biomarkers and the
difference between the first and second sets of biomarkers,
and n varies between 0 for a maximum dose and 1 for a
minimum dose;
wherein the processor integrates individual patent specific
information derived from a single or plurality of biom-
arkers.
12. The processor according to claim 11, wherein the pro-
cessor is further configured to
evaluate in vitro test values that are cellular, proteomic, or
genetic in origin, wherein the in vitro tests include at
least one of Hb, CRP, PSA, TNF-a., ferritin, transferrin,
LDH, IL-6, hepcidin, creatinine, glucose, HbAlc, DNA
end binding complexes (DNA-EBCs), HIF-1a, Galec-
tin-1, CAP43, NDRGI, and telomere length.
13. The processor according to claim 11 wherein at least
one of the second NTCP and TCP models are expressed as:

% [ mexp(‘T"z]dx

where,

_EUD-1TD,
T m=TDy

where,

. \
EUD = [Z i ] g(My, AMy, My, AM, )
v,

= 1ot

where EUD is an equivalent uniform dose, TD, is a dose that
provides a Z % chance of arisk complication, D, is a physical
dose to a volume segment v, of the target region, v,,, is a total
evaluated organ volume, M, is a baseline value of a first
biomarker, M, is a baseline value of a second biomarker,
AM,, AM,, . . . are a difference between the first and second
sets of biomarkers, N is the number of volume segments v,, m
is the slope of the NTCP curve, and g is a scalar evaluated
based on the first and second sets of biomarkers and the
difference between the first and second sets of biomarkers,
and n varies between 0 for a maximum dose and 1 for a
minimum dose.
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14. A system comprising:

atherapy delivery apparatus configured to delivery therapy
to a target region; and

a processor configured to perform the steps of:

(a) determining at least one of a first normal tissue compli-
cation probability (NTCP) model and a first tumor con-
trol probability (TCP) model of the target region;

(b) controlling the therapy delivery device to deliver
therapy to conduct a first therapy session to the target
region with a protocol based on at least one of the first
NTCP model and first TCP model,

(c) determining or updating a set of patient specific biom-
arkers;

(d) updating at least one of the first NTCP model and the
first TCP model of the target region based on the set of
biomarkers;

(e) controlling the therapy delivery device to conduct a
second therapy session to the target region based on at
least one of the updated NTCP model and TCP model;
and

(f) repeating the steps (c)-(e) to further revise the NTCP
model for a subsequent treatment session;

wherein the NTCP model includes an EUD model
expressed as:

, \

.

EUD:[ZDV”*—‘] &(My, AMy, My, AMs, ..)
i=1

Viot

where EUD is an equivalent uniform dose, D, is a physical
dose to a volume segment v, of the target region, v, , is a
total evaluated organ volume, AM,;, AM,, . . . are a
difference between a first and second sets of biomarkers,
N is the number of volume segments v,, M, is a baseline
value of a first biomarker, M, is a baseline value of a
second biomarker and g is a scalar evaluated based on
the first and second sets of biomarkers and the difference
between the first and second sets of biomarkers, and n
varies between 0 for a maximum dose and 1 for a mini-
mum dose; and the TCP model includes an EUD model
expressed as:

”
v

EUD:[ E D}/”* J] wg(Ly, ALy, Ly, ALy ...)
4 Viot
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where EUD is an equivalent uniform dose, D, is a physical
dose to a volume segment v, of the target region, N is the
number of volume segments v;, v,,, is a total evaluated
organ volume, L, L, are baseline values associated with
a first and second cancerous tissue, AL, AL,, . ..area
difference between the first and second sets of biomar-
kers, and g is a scalar evaluated based on the first and
second sets of biomarkers and the difference between
the first and second sets of biomarkers, and n varies
between 0 for a maximum dose and 1 for a minimum
dose.

15. The system according to claim 14, wherein the proces-

sor is further configured to

performing in vitro tests to determine evaluate in vitro test
values that are cellular, proteomic, or genetic in origin,
wherein the in vitro tests include at least one of Hb, CRP,
PSA, TNF-q, ferritin, transferrin, LDH, IL-6, hepcidin,
creatinine, glucose, HbAlc, DNA end binding com-
plexes (DNA-EBCs), HIF-la, Galectin-1, CAP43,
NDRG1, and telomere length.

16. The system according to claim 14 wherein at least one

of the updated NTCP and TCP models are expressed as:

1 f (—xz ]d
—— | exp| — |dx
V21 Jeo 2

where,

_EUD-1Dg
T m=TDg

where,

N
EUD = [Z pin, L
v,

1 tot

] g(My, AMy, Mo, AM,, ...)

where EUD is an equivalent uniform dose, TD_, is a dose that
provides a Z % chance of arisk complication, D, is a physical
dose to a volume segment v, of the target region, v, is a total
evaluated organ volume, M, is a baseline value of a first
biomarker, M, is a baseline value of a second biomarker,
AM,, AM,, . .. are a difference between the first and second
sets of biomarkers, N is the number of volume segments v,, m
is the slope of the NTCP curve, and g is a scalar evaluated
based on the first and second sets of biomarkers and the
difference between the first and second sets of biomarkers,
and n varies between 0 for a maximum dose and 1 for a
minimum dose.



